The interaction between the quadrupole moment of nuclear spins I > + with the electric-field-gradient (EFG) tensor leads to a splitting of the energy of the nuclear spin states. We show how the combination of laser and radio-frequency irradiation allows measurements of nuclear spin transitions in quadrupolar systems that are, in contrast to purely magnetic experiments, sensitive to the absolute sign of the quadrupole interaction. This determination of the sign is essential for comparison with calculated EFG tensors.
Determination of the absolute sign of nuclear quadrupole interactions by laser radio-frequency double-resonance experiments
The interaction between the quadrupole moment of nuclear spins I > + with the electric-field-gradient (EFG) tensor leads to a splitting of the energy of the nuclear spin states. We show how the combination of laser and radio-frequency irradiation allows measurements of nuclear spin transitions in quadrupolar systems that are, in contrast to purely magnetic experiments, sensitive to the absolute sign of the quadrupole interaction. This determination of the sign is essential for comparison with calculated EFG tensors.
The coupling between the nuclear quadrupole moment and the electric-field-gradient tensor is, besides the Zeeman effect, the most important interaction of nuclear spins I > + with their environment. ' Since this coupling depends strongly on the electronic environment of the nucleus, it is a sensitive probe for the structure of solids2 and, through its effect on spin relaxation, also of motional processes. Determination of the nuclear quadrupole coupling tensor has, therefore, often been an important tool in magnetic resonance investigations of crystalline, powdered, or amorphous materials. Comparison of the measured values with theoretically calculated data can serve as a check for electronic-structure calculations or as a tool for measuring atomic polarizabilities.3 The main experimental tool for the determination of quadrupole coupling constants is nuclear magnetic resonance (NMR) in high magnetic fields 4 and its low-field relative, nuclear quadrupole resonance (NQR). These methods can provide very precise data on the magnitude of the quadrupole coupling constants; however, they are insensitive to its sign; multiplication of the quadrupole coupling Hamiltonian with -1 has no effect on the observed magnetic resonance spectrum obtained by any combination of static and oscillatory magnetic fields, as long as the hightemperature approximation for the nuclear-spin system is valid.5 It is, therefore, necessary to reduce the spin temperature to T < 10 mK to determine the sign by nuclear magnetic resonance.6
Experiments of this type have been performed by cooling the nuclear-spin reservoir through dynamic nuclear polarization. The nuclear spins are, therefore, not in thermal equilibrium with the lattice and the sign information must be extracted through an analysis of the observed line shape. The interpretation of the experimentally observed spectra depends on an understanding of the relevant relaxation processes; in the past, this indirect procedure has led to discrepancies between measurements performed in different laboratories7>' In favorable cases, it is possible to measure the sign of the coupling constant relative to other quantities. As an example, it was shown that the two different sites of Li in Li3N have opposite signs;' the absolute sign, however, is still un-0163-1829/93/48(13)/9524(4)/$06.00 48 -known. In the case of Al2O3, a partly resolved dipole interaction between two 27Al nuclei allowed the determination of the sign relative to the dipole interaction," which can be calculated from the geometry. Theoretical calculations of the quadrupole coupling constant include the sign information and can be used to check the experimental results. However, the accuracy of the theoretical results is often not sufficient for an unambiguous assignment.'* Furthermore, since the calculated EFG value results from a difference of various contributions, deviations in the magnitude of the individual terms may result in a wrong sign. Alternative methods for experimental measurements of the sign must break the symmetry of the magnetic interaction Hamiltonian by coupling the nuclear spin to other systems. In paramagnetic systems, the electron spin, coupled by the hyperfine interaction, can represent such a reference system.12 Another possibility, which can also be used in diamagnetic systems, consists in coupling the system to an additional state, e.g., by an optical transition to an electronically excited state. Figure 1 shows schematically for the case of a spin I = $ how such an experiment can determine the quadrupole coupling con- Here, Q represents the nuclear-quadrupole moment, I the nuclear spin, and e the elementary charge unit. This Hamiltonian has two sets of eigenstates corresponding to the 1= eigenstates with magnetic quantum numbers &+*+, and XL+. As shown in Fig. 1 , the energies of these states appear directly as frequency shifts in the optical-absorption spectrum.
Obviously, such a direct optical determination of the energy difference between the different spin states is possible only if the frequency resolution is high enough; the width of the optical resonance line must be smaller than the quadrupole interaction. Unfortunately, this is often not the case, since inhomogeneous broadening mechanisms due to crystal strain usually exceed the size of the quadrupole interaction by several orders of magnitude. Several methods exist that can overcome this problem and lead to high-resolution spectra, which are limited, in principle, only by the homogeneous width of the nuclear-s burning i? in transition. Examples include spectral hole and Raman heterodyne detection of magnetically excited resonances.i4?i5 While these methods do provide high resolution, allowing a precise determination of the quadrupole coupling constants, the sign information is lost. In the Raman heterodyne experiment, the same limitations apply as for purely magnetic experiments. For the hole-burning experiments, we demonstrate the problem in Fig. 2 ; the transmitted intensity does not depend on the sign of the difference between the pump-and test-laser frequencies. It is, therefore, in most cases not feasible to extract the sign information unambiguously.
Optical spectroscopy a l o n e i s , therefore, also insufficient for the determination of the quadrupole coupling constant. However, the combination of laser spectroscopy and magnetic resonance permits the determination of all relevant parameters, including the sign information. setup that we use for this purpose. It consists of the basic Raman heterodyne scheme,i4 modified by the addition of a pump-laser beam. Two acousto-optic modulators, which are driven by tunable radio-frequency sources with frequencies ml and a2, shift the frequencies of the testa n d p u m p -l a s e r b e a m s t o vr=~r~~-2~~ /27r a n d vp =vLas -2u2/27r. A third radio-frequency source drives the t jz++-+~I~~l nuclear-spin transition through direct rf irradiation at e_+r/2rr=7.05 MHz. The Raman heterodyne signal is observed with a fast photodiode and the amplified signal is measured with a lock-in amplifier driven by c+ TILO BLASBERG AND DIETER SUTER 4S -quadrupole splitting of the electronically excited state).
In the left-hand diagram, Fig. 4(a) , the pump laser, which is resonant with the transition between the ground-state sublevel 10) and the electronically excited state [e ), redistributes the populations of the ground-state sublevels through spectral hole burning. Depending on the relaxation processes, it excites a population difference between, e.g., states 11) and 12 ). The radio-frequency (rfl field ~,.r, which is resonant with this transition, excites a coherent superposition of these two states. For small rf fieldstrength and resonant irradiation, the resulting sublevel coherence pi2 is proportional to the population differencẽ zz-~i, as follows:
where Bs represents the rf amplitude, plz the (magnetic) dipole matrix element for the transition 11 )+-+I2 ), and yiz the dephasing rate of the sublevel coherence. The resulting coherent superposition of the two ground-state sublevels can cause a coherent Raman process,nj if the test-laser field is resonant with the transition between one of the two levels and the excited state; in the figure, we have assumed resonance with the transition 11 )++\e ).
For a small intensity of the test-laser field, the Raman process creates an optical coherence,
where ET is the amplitude of the test-laser beam and ,I.L~t he (electric) dipole moment of transition 11 )++le ). The corresponding Raman field propagates together with the test-laser beam. On the detector, the two fields interfere to produce a signal beating at the rf frequency. The amplitude of the component at ~,.r is theñ~~~~~~~~2~(~2 2-~l~)1~~12B~/(~~2~2~) .
(31 As in the usual Raman heterodyne experiment,14 the signal is proportional to the product of the matrix elements of the three transitions involved, to the intensity of the test-laser beam, and to the rf amplitude. In contrast to the conventional case, however, only those atoms contribute to the signal that are simultaneously excited by the pump-laser beam. This difference is best appreciated by taking the inhomogeneous broadening of the optical transition into account. In the conventional case, the Stokes and anti-Stokes processes contribute equally to the Raman signal. The resulting spectrum is, therefore, independent of the sign of the quadrupole interaction. In the two-beam Raman experiment, however, only those atoms contribute to the signal that interact simultaneously with both laser fields, and with the rf field. For a given laser-frequency difference, we observe only one of the two contributions and the signal becomes asymmetric.
In ground-state sublevels (in our experiment the m1 = + and rnr=+ states); only those atoms for which the test-laser beam is resonant with a transition from one of these states to an excited state, contribute to the observed signal. With two electronic transitions to which the testlaser beam can couple, and three transitions that can be excited by the pump-laser beam, we expect a total of six signal components. In the lower part of Fig. 5 , the letters P and T indicate the ground-state sublevels that are simultaneously in resonance with the two laser beams for the given frequency difference. In two cases, pump and test frequencies coincide, while the four other cases occur at clearly distinct frequency differences. The comparison between the two cases of opposite sign shows that the reversal of the sign of the quadrupole coupling leads directly to an inversion of the spectrum.
For the exFerimenta1 implementation of this scheme, we used the Hk electronic ground state of Pr3+, which was present in a YA103 ( K in a flow cryostat and the two laser beams propagated along the crystal c axis. The laser frequency was close to the transition between the ground state and the *D2 excited state (k=610.698 nm). The 7.05 MHz rf field was applied to the crystal through a coil that was part of a tuned circuit; the resulting radio-frequency field strength at the crystal was of the order of IO PT. The rf frequency was kept on resonance with the nuclear-spin transition for this experiment. Figure 6 shows the resulting heterodyne signal, after demodulation, as a function of the difference of the two laser frequencies, together with the two theoretical stick spectra. The width of the optical resonance lines is dominated by the (unresolved) nuclear quadrupole splitting of the electronically excited state and the laser frequency jitter. The comparison of the experimental spectrum with the two theoretical spectra shows clearly, that the sign of the ground-state quadrupole coupling must be negative. the resonance line is at 7.049&0.001 MHz, in good agreement with the value 7.062 MHz calculated from the published data15 which had been obtained at 1.7 K. Therefore, we conclude that the actual coupling is D/h=-3.5lOMHz.
In conclusion, we have determined the sign of the quadrupole coupling in the 'H4 electronic ground state of the impurity ion Pr3' in YAIOs, using a laser radiofrequency double-resonance method that combines spectral hole burning with a radio-frequency driven Raman heterodyne experiment. This method should be applicable to other spin systems that have an optically accessible transition to an electronically excited state. Since it relies on the asymmetry of the ground-state level system it can be used only for spins I > +, unless a significant asymmetry of the quadrupole tensor or an external magnetic field lowers the symmetry of the Hamiltonian.
